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AIHYJ’RAC1’

C)lIc oltlIc  silnlJlcs[  dcvicc  Icalintions  of the classic [Jal[iclc-ill-i~-lJIJx  l)roblcIIl  of basic quantuIIl IIlcC:ilanics
is (Im QutiII(u III WC]] lnfmrd l%otodctcctoI  (QWII’).  Ol)ti[[liza[iotl  of [he detector (iesif,  I] ~it]d matcriit] j~rowtll
and ]Jloccssing  lIas c.ulminatd  in the rcali7,  ation of ii 1 S ~1111 cutoff 1 ?Sx 128 focal plane [IrIay c:i IImr2 aI)d a

caIIIcr:i  m’itl)  la I-~.c  (2.56x256 pixel) focal plane  array  of QWII’S wt]ich earl scc at 8,5 p, holdins  for[h great
1)1 o]llisc for a variety  oj” ap~)licit(iol]s  in tl]e 6-25 pIIl tv:ivc]cn:th  I: III:C. “1’l)is  p: I])cr discusses [lIc physics of ttle
~}]r]l’  :Ill(i QWI}’  tcchno]o~y  (icvcicqmcr)t  at Jet ])ro~)u]sion  ] .abm(ory.

1{1’;YWOR1)S: rll~liti-qll:\ritLI  Ill-we]l,  illtcrsubban(i,  infrarcxi  (ic[ccto[”s,  ior]g-i~zlvc]ctl~t}l  (1 ,Wll<),  very iong

w:lvcicl)gtii  (V WI R), CiaAs, focal plaIIc array, in frarcxi cmnma

IN’J’I<OI)LI(:’J’ION

~]SCS fol” Illfl’ill’d  (]~) carncras  I’angc  fI’0111  t]Ic  pI’0S21iC”  t[) thc ]) IO\’OC:ltlVC. Objccts  ;It 1 ()()[11  tCl)l]XX:l(lllC
/,lo\\f i)rj:il[cs[  jI~ tile \\/:l\7Cj~]lgtl~  I: LIIgC  of ~ - ] () 1~111,  ~l:IIIICIt~S  ttl:l( CiIIl  scc 8- i(l pnl li~, ilt fin(i  Llscs  irl sccllrity

;I[l(i  survciiiilrlcc,  l~avigatiot] an(i flight co IItrol, c:lrly-warrling  systc IIIs, c(c. Such a calllera’s  [It)iiity  to produce

:1 ttlcrIl):il 111:11)  oftim surface  Of ]111111:111  skill offers  a])l)]ications  in [llc(licai  iII12~:irlg,.  Since 1]]0s[  of ttlc absorption
Iillcs of p,as IIloiccLIlcs  lic ill [iIc lotlg wavclc.tlg,til  in fr:~rc(i  (1 ,WIK) s])rctlul rc:,ion, 11< c; IIncras CaII bc used to
nlo]litor  aIICi IHc[Isu Ie. pollution, rcl:ttivc. llulni(iity  l)rofiies,  ;tn(i ttlc  Ciistribution  01 (ii ffcrcnt  g a s e s  it] tllc
a(t]I(Js\)lIcre..  ‘1’llc. absorl)tion  ii Ilc. s of lIlany p,as II Iolcc LIlcs ,  Sllcil :1s 07.[)IIC, \vatcr. Carimn  [no[loxi(ic,  C211’bOIl

(iioxicic,  alICi  Ili(rolis  oxi~ic  occur it) tile  Wavrlcnp,tl)  lc~ioll fro]]]  3 [O 18 ~\III, ‘1’ilus, 11{ illla:,it):,  sys[cIns  tl)at

O])cla(c  in tlIc  very  long  wavcle.ng[ll  11{  (VWIR)  rcgiotl  ( 1 ?, - 18 ~Ltn) ;Iw aiSO  rc(]llilc{i  itl InaIIy  sl);lcc  al)plicatiotls

SLICII as ll)OI)jtorj[l~  (tic  g]ob;l] at[I)os})ilcric  tcIllpcI;l(llrc,  I)rofilcs, rc]gltjvc  Illl[llj(ijty  p[ofi]cs,  ciollci  ctl[lrilc(c,]istics,
;III(i tl]c.  (iis(ribu (ion of tl]i]]c~rcc)tlstitllerl(s  in the. atInos]~imc,  wllicll  arc Imi[lg pla IIrIc,  ci for NA,SA’S  1 L:]ril]  ol)scninp,
SySk’111  [  ]], c;]”oll[)(i-[  >:~sc(i tC]CSCol)CS  fl((c(i  Witl)  ti)(XC  C:tT))c[’:Is  c~([l  st:lr~ 01][  tile  & ] j? ~{111 [1’;  II) SP:IIC,I)[  Wi]l(iO\V

in tile C:lr(ll’s  a[Il)osp]lcrc,  i m a g e  (iistant star’s :Ill(i g:li;lxics  (j[lc]llcij[]:,  []IOSC I[]vjsjl)ic  to tc]c,scopcs c.qllji)pc(i
witl] llc)IIIIal vjsj[>lc  c a m e r a s ) ,  all(i  ilcip itl the  scarc]I  for co](i ol)jccts  SUCi I ;IS pidncts  ol-bitill~ tlc;lrl)y  st;~rs.



.“

Scicncc,  dcfcnsc,  and conlmcrm  all s[ancl  to benefit froln stlatl)cr, affordab]c  11< C:lnlcl  as. Rcccnt  dcvcloplllcn(s
:It (hc Jet l’repulsion 1,abora[ory  have culminated in very sensitive }Ie[ aflordablc  1 Wll< and VW]]< cameras.

‘J’l IIC Qwl]’

A quantum WCI] designed tlllls  to cic[cc( infrarc(i ]i:,}]t  is cdliui  a (jllan[llm  We]i ]IIfI’aI”c(i  }’iloto[ic[cctor
(QWli’).  An elegant can(iida(c  for QWIP  is the square. riuan[ul]l  WC]] of basic (iuanturl)  ]nccilaniu.  Wimn tim
quantu]]l well is sufflcicntly  (iccp anti n a r r o w ,  its crlctgy  slates aIc quanti7c(i  ((iiscrc[c).  ‘i’ilc  potential  (icpth

an(i wi(itil  of the well can bc acijustcxi  so [i)al i( holcis  only [wo cnclgy  s[atcs: a gmllId  state near tiIe. well
bo([om, an(i a first cxcitcd  state near tbc WCI1 top. A photon  striking tile  wcli wiii cxcitc  an cic.c.tro]]  in tile
fyoun(i  s(alc to tile f]rst cxcitcci sta(c,  whcncc  an cxtcrtliliiy-zi~>~)lic[i  voltage swcci~s  it out ill miucin~, a plmtocurrcnt
(I;ig. 1). only ~Jlm[ons having energies corrcsponciins  to the ctmqy separation bctwcc]~ tllc two s[alcs arc
al)sorki,  resulting in a cie.tcctor  wi(b a sbaq) absori)ticm  Sj)cctru!n. Iksip,ning  a c]uantum wcil (0 (ictcc~ light of
a particular wavcicng,tb  bcmmcs a simple  matter of taiioring  (IIC potcntiai  dcptil an(i wiciti~  of [hc well to
i~ro(iucc  two states  scparatcci by tllc cicsirc(i  pi)oton  energy.

I “dark currenl”

u
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mechanisms

position

[gig. 1.Ychottw[ic  (li(/gt {]t~l of the  cmductim balid ill a bolitd-to-

cotllintiuttl  QWI1)  itl otl el-ternaliy a p p l i e d  e l e c t r i c  field.

Al,sorpliw of 1A’ i)tlotot[s  can p}lo(oc~citc  clcc[rms flotn Ihc

g!olitl(i  state of the q[iatlt[im well  into the cmtittli[im,  ca[isittg d

[)}ml(y[irt  rtlt. 7’h Icd (l(it-!i cur IctIl itlechatlisttls  are aiso  showtl:

gto[{tldslntc  l(iflllclitt,q (l); ti]ett~lcillj {/vYis[cd l[itlttelitrg (2); (It{d
[Iirt  ttiiotfic cttlis.viot!  (.?),

‘1’bc QWII’  migi]t  bavc rc[llainc(i  a  t e x t b o o k
curiosity lIa(i  it llo[ been for the spectacular acivanccs
within the last 20 years in the c[ystai grc)wtb an(i
proccssirig  techniques of large ban(igai}  compound
scr]]icor](illctc)]s  such as GaAs an(i All XGai I.XAS.  A
quantunl  wcii can bc rcaii7c(i by san(iwiching  a layer
of ~I~As bctwccll  ttvo l:Iyc.[s  [) fAli  XCi:\i  I.XAS. ‘1’bc WCII
~,l~t[l  is con[ro]lc(i  by control  li[}p, (iIc. (i:iAs  Iaycr

tilickncss;  t h e  i}otcntiai  (ic.[)[iI  i s  control]c(i  t)y

contl-c)llir):,  ti~c Al colnposition  x irl tile barrier layers.
h40(icr11  crystai-gIowth  mc[tmis like II IolcculaI  bca[n
cpitaxy  (Mll}\) allow tbc glowttl  of i]ip,hly  uniform and
pure crystal layers of such scrllicc)[](iLlc[ols  on Iargc
substrate wafers, wittl control of cacti iaycr  tl]ickncss
(iowrl  to a flactio Il of a molecular ]aycr. 1 n other  wor(is,

[i tCXtt)OOk  S(]ll:tl’C  (] Ll<intll I1l WC]] Of ttlC (i CSi NXi Sil:t~)C
call bc procillcc(i. ‘1’hc  C;; IAS/AilkCi:Ill.XAS  material
systcIn allows t i le  qllan[ulll  Wc. ii Silapc  to t)c twcakcct

OVCI :1 I’illl~C wi(ic  CIIOLl~tl to  Cllablc  iigilt  cic[cction a t
Wavclcngtils  k)n:, cr tilan - 6  }un. Stackinf,  scvcrai  i(icn(ical  quanturl)  wclis  (tyi~icaily  5 0 )  [Os,ctllcr inclC:lscs
i)lmton  ~ibsori)tion.  GroLIn(i state electrons arc pr-ovicicxi  ill ti]c (ic.tcctor by (iopins  (i]c CiaAs wcii iaycrs  witi] Si.
l;ai)ricatcxi  e.n[irc]y from l:ir~c  banci~a~)  lnaterials  wtlicil  arc c.asy to prow a[i(i  ~JIoccss, it is now iwssib]c  [0
obt;iin  l;~Igc. Ll[lifor[ll  1 ‘i’As of <) Wli’S tLIIIC(i  (O (ictcct lig,llt  [it  ~vilvclc[]~,tt)s  iOI~gCI  tilil[l - -  () ~[111 ill ti]c  (;:IAs/

AiiXCi;iil.kAs  ]]iatcl’iai  systcnl.

l) ARK CURltIINrJ”

lnli~mving QWI1’ pcrfo[-rlla[~cc.  (icpcn<is  iarp,ciy  o n  IIliniIl)i7,ing  (ilc i)arasi[ic  cllrrctl[  ti)at  i)la~,LIcs  ;Iii li@t

CiCtCCIOI”S:  t])c  (iii[”k  c u r r e n t  ([i Ic cllr[’C[lt til:it f]o~vs  till’OLlgil  a biase(i  detector  in ttlc (i:irk, i.e.,  \vi[tl HO pi~otons



iInpitlgin~  on it). ‘1’hc dark cumnt  in <Jwrll’s Origina[cs fro[ll tllf’ce  difl’CrCI~[ Il~~Cll~~nisIlls  (I;ig. I ) SCqLl~[lti:ll
tllIlnC]l  Ii/,  Of s, IollIld S(:IIC  C] CCtlOllS fI’0111 WC]]  10 WC]] dOIlll Il:l(CS  tllC d;ll’k CIII’ICI1[  :1[ [CIll]JCI:ltlll’CS  ]CSS 1!1:111  so K
and can bc rcduccd  by wictcllinp,  the bal-ricrs. A( irl(cI”Incdiatc  tclnpcmturcs,  :1 second lllC.C]ldIllSIN  kicks in:
[Iicrl]lionic emission of groutid  sta(c Clcctrons toward  the well top fol]owc(i by [unncling  tilrouf,il  tile balricl [i~)
in(o l}lc cncrp)y contin  Llunl  above the wciis an(i barric!s. At tcnl~mraturcs above 45 K, tlm CiaI-k  current is
cntirciy  (io Ininatcxi  by classic thcrmionic  cmissioll  olgroun(i  slate. electrons (iirectly out of the wcli into (hc
cncr~y  continuum. h4iI~ir]li7.iIlg  ttlisl:ist coItllj()I]crlt  isc]itic:~l  IC)ttlcco(tllllc]ci:ll  sLlcccss  (~l(tlc QWll’:lsit
:Iiiows ti)c iligt]iy-(icsilat)lc  iligll-tc[lli)cr:itllIc camera opcm(ion.

Wc (icsign ttlc })ofilld-to-ql{a.$ il)olilld quantuln wcli by })lacitlg  tim first cxcitcd  state cxacliy  at tile  well
top (I;ig. 2,). ‘1’hc  bcs( previous QWII’s  (pionccrcxi by }laII y 1 ,c.virlc  cl (I1. [2] at N1’&’l’ IIcli I ,abs) were of the
t)olltl(i-to-corltiflLILIIll  varkty,  so-called bccamc  the first cxcilcd  state was a coniinuuin  energy b<in(i  atmvc the
WCI1 top (typically 10-15 IIEV).  I>ropping  the. first e.xcitcci  state to the WC1l top causes the barrier to tllcl’rllionic
emission (mLIg, iIly the energy height from the. groLlnci  state to the R’cli  top) to bc - 15 mcV nmrc in our boun(i-
[0-q LIaSlbOLIIl[i ~\~lf’ than jIl (}IC bOLIIl{]-t{)-C(l[lti  [l LILIIll one, thCC)l’CtlCa]]y  C:lllSIIlg  thC d[!rk CLlll’CIlt  10 (iJOp by a
factor of -20 at a tcmpcraturc of 70 K. “1’his  cornpami wcli will] tllc factor of - 12 cirop wc cx])c] imc[ilally
observe (l Jig,.  2). importantly, the bollrl(i-to-rjt  ]:lsit>ollr~d”  ~)WIf)  still prcscrvcs  the photocurrmt.  Onc coLIl(i
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bound- If)- fjuosiconfiti uutn  VWIR  Q WIf’s m o f[inctiotl  of bios

W)!1ORF LII  lCHljIPJIIIIiJ”P  1’ =. .55 h’.

l)ush t}ic f]rst cxcitcxl state (iccpcr  inlc) ttlc w e l l  t o
incrcasc.  tlm barrier to thcrInionic  emission even
f i l l  thCI’, bllt ttliS  WOII](I  (i[O]>  thC i)tlOtOCLll  ICIlt tO
unacceptably low ICvcls.

WC furtllcr rctiucc lilt (iark cuI I cn( by (ir:~.st  ical  i y
c[]ttinpj  tllc w e l l  do~]ing (icnsity  [0 cicclcasc  ttlc
Ilulnbcr  o f  ~I”OLIIl(i  St:ltC clcctrous  a v a i l a b l e  f o r

ttlcr-llliorlic  c.lnission, and t)y iIlcrcasing  c.act] barrier
thicimcss  in the Ii~lli(i-(]ll~itltL\  [ll-m’cil  (MQW)  stack
(0 60 mIl; any further  (iecrcasc  in WC1l ciopins or
incrcasc  iIl barrict- thickness causes no si~nificanl
cnllancc  in signal -tonoisc  ratio.

I, IGII’1’ (X)(]]’] JNG

A kc.y factor ill <)W1l’ focal plane array (};]’A) l)cIfoIln:incc  is tllc. li~,tlt  cou~)li[]g scheme. ‘1’his is cnuscd
by a sclcdion ru]c Imculjar  to C;aAs/AllXGall.XAs  QW1l)S: li~ht striking tllc  quantLllll  well I:\yc.rs  normally is
Jrc)l at)so[-bcxi;  to bc absorbed, tllc ligtlt  }Ias to have a co[n~mnc.  t]t of its cicctric  ficl(i  in (i]c (]uan([l[ll  well
(iircction  [3~. I .i~,ht being a trmsvcrsc  wave, ttlis rcqui]cs  bcndills tllc  norm{llly  inci(icnt  lip,tlt  insi(ic  t i l e

detector-. ‘1’Jlis is (ionc wjth  mirrors.

A siln~)]c sciIcIIIc.  is to put a special mirlor  on tile cickctor 101) ti[td  iilulllinatc  ttlc  (ictcc(or  fm[ll the back.
A .w/Iool/z top mirror is usc]css:  jt simply rcfkcts tt]c li~}}t strai~,l]t  back ollt. ‘1’0 bc useful,  ti]c lnirror  has to bC
roli~}l  (on the scaic  of the light’s wavelength in GaAs). 1 ,ig,hl  IIorInally cIitcrinf, tlirou~t] tllc back side anti
strikins  a r-oup,ll top nlirror  is scattcrc(i  back  in a coIIc. ‘1’tlis coIIc I1OW strikes the back si(ic. ‘1’hose r:iys ttlat arc
wit~iin  a Critic:tl  angje  of the normal  (] ‘/0 for the GaAs-ai  I- IntcI’face) cscaj)c oLI[. ‘1’hc Icst suffcl” tots] intc.rnal
rcflc.ction with the back surface acting  as a srnoot}l  Inirror. “1’tle  intclt):tiiy  rc. f!cctcxi rays :tw OHCC a~,ain rcflcctc(i



011’ (k top IO LIF,l I ]nirror. What  happens next (icpcnds  on whether ttlc  roLIplIIIrss oi (lIC lop lni I I(JI  is pet-iodic or
Irandom. If it is periodic, the top lnimr will bend these rays so ttla(  tlwy arc :111  Ilol”lllil!  [0 ttlL’ C]ll:llltlll)l  WC]]

laycm a~),ain. ‘1’hcsc  rays pass through (k cickctor  and out lrom  lhc back side. A mnd~NJIII  ltlugtlcllcd  mirror,
on the ottmr Imnd, will randoIIIly scatter al] the rays irl(ct  lIally rcllcu[cd  on [0 it froln [Ilc hack si(ic co~ )1 Iilllc,
allowin~  tlIc incident  light 10 tmuncc  back an(i fol-th tmlwcctl tllc (ictcctor  (o[) and bdck SLII”f~lCC’s  scvcri~i  tires
(l’i~,. 3). Ollly lif~,llt  within  a 1-7° (frolll normal) C’.()[)C  C’SC21JES  Ollt fI’0111  [ilC back si(ic. Clever dcsi~.rl can rc(illc.c
(k alnoun[  of li~hl  in [k cscapc  mm but cannot  ciilni[lak  it alto~cther. lior instance, if [tic lralI(ionl  mtlcctor

is dcsi~ncd  with two levels of rough surfams having  tlm saInc. areas but Iocatui  a ci[l;irtcr  wavclcng~h  apart, the
IlorI~l[/lly  rcftcclcd  light intensities froIn tlIc. top ancl botlc)m surface.s of ttlc  reflector arc equal  and 180’> 011[  of

b

random tefloclor

h

inctdanl  radia  l!..

AL
I!c

plIasc  (i.e., phase plale). “1’llis  lllaxinli7cs  [IIC
(ics(rudivc  in~crfcrcnce  at norIIu  Ii [-cllcction  and lowers
ligh( lcakasc thm]gh  Ihc cscal)e cmnc [3].

(In each pass through the MQW  rcp,ion some of
the bent liy,ht is absorbed. A pcrimiic  l~~irror  thus offers
two useful  passes, a randolll  nlirror  several. “1’rappinfl
tlIc most Iip,ht with a roush  mirror requires incrcasirl~
tlIc (ic. tcc(or  aspc. cl r a t i o (cii:iIllctc  I/}lcigll  L),
accon)plislle(i  by tllinnin~,  the - 600 jml ti~ick GaAs
substrate on tot> of wl]ich [lie MOW  stack  is sqowtl, to

r andotn  wJcctoK I(!NI lly 011 th c rodia  tiotl is 1 t[lppcf{  cxccpt for
. .

ta  X)LIL zero. ‘1’his  appmxima[c]y  do~{hlc.s  LtIc li:,ht
~~ .vt)mll  fraction wll ich c.~mpc lhmug}l  the escope cone  (A’fitlcd

[Jy CI ilica[ atlglc Qc), (b) I<atdom r eflrctor-s  otl pixels itl d focal
absorbed in ttlc periodic nlirror  case; it qliadr uplcs it
whcII a raIldorl] Inillor  is usc(i,[)1(IIIC (1J 1[1)’.

1 S pm CUTOIW 128X 128 lWCA1 , 1)1 ,ANlt ARRAY CAMERA

‘1’l]c. dcvicc  structure consists of 50 pcricxls  containing  6.5 I-1111 wells of GaAs  (doped n :. 2X 1017 CI11-3)  aIld
600  f! [mrricrs  ofAll(J,15Ga10.g5As  (sandwiched between  0.5 Itm CiaAs top arid bdtom  contact layers  doped n =
2.x 1 ()]”’  CI11-3)  p, IowII on a sc.~~~i-ir~s\llatiI~g  GaAs  substr;ite  I)y Inolccular  bcaIIl c~~itaxy  (M}ll l). ‘1’hcII  a 1.1 IUn
thick  GaAs cap layer On top of 30 I~m A10,15Ga0.SsAs stopctcll  iaycr was grown  ill .~i(u orl top of tll~~ ~icvice
structure to fat)ricatc  the light coupling optical cavity, ‘]’hc Mill\  growl] QWJI’ structure  was proccsscd  into
2,()() jtl~~ diamctc.1  mesa test structures (area =: 3.14 x 10-4 CI112)  usin~ wet clw.l]lic.al  etcllinp,,  and ALI/CiC ohmic
contacts were cvaporatc~i or~to  tk top and bottom contact layers. ‘1’lIc dark curt cnt-vottage  cuIvcs  of tile  <)WI1’
was [Imasurc(i  as a functioI~  of tcmpc.rature  from ‘1’ = 30-60 K and the “1’ = 55 K curve  is slIowII in l;i~,, 2.

‘1’hc rcs~mnsivity  spectra of these (ietcctors  were mc.asured  usin~ a 1000  K blackbody  source  and a gratin:
lllc)I]ocllI[)IllittoI.  ‘1’hc a b s o l u t e  peak  reslmnsivitics  (l<FJ)  of ttlc de.tcctors wcm mc.asurcxi  Llsinf,  a calibratc(i
hlacktmiy  source. ‘1’hc detector were back iiiulninatc.d tl~rou~t]  a 45° ~)c)listlc(i  facet [3] aIld its lcsponsivity
s~)cctrLII)l  is SIIOWII in l;ig. 4. “l’tic rcsponsivity  of tlm dctcctoI l)cak at 14.2 ~LIII  an[i tile  Iwik ]esponsivity  (l<P) of
tllc. (Ictccto]  is 47,0 mA/W.  ‘J’tlc spectral width and tllc cLltof~’\v:i\~c.lcrl~tll  arc. A?~/k T 13% at)d & = 14.9 ~1111.  ‘1’lIc
bias clcpcllclcnt  l)cak rcsponsivily  of the detector is slIowII iI~ l(i~>,. 4. ‘1’llc mcasut-cd  absolute rc.sponsivity  of the
[ie.tcc.tor  is small  up to about VII = 1 V. llcyond  t}]at  it incrc.:isc,s  IIc.arly  lir~e,ar]y  Wittl the bias mlchinf,  1{1’ = 560
II IA/W at Vr{ =-. 4 V. ‘1’llis  type of behavior of rcs]mnsivity  vcrslts  I)ias is typical for a t>ollI~ci-t(~-(  ]Ll:lsii)c)llr~(i
QWII?  ‘1’lIc  pcxik quantum  c. fficicrlcy was 396 (lower  qllalltu[n efficiency is (iUC  [0 tile 10WCI  we]] (iopirlgj (iensity)
fol a 45” [iollt)lc  pass.
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‘1’hc curIcIIt  n o i s e  in Was Incasurcd  Llsing a

sl)ccmLIIII aIIaly7cI  md cxpcriInc.rltally  dctcrmincd

(}]C lJllc)L{JccJrl(lLlcLi\’c  g:li J] g USiIlg g = j: /  ~C][)])  - t

l/?N, WIICIC  11 is the IIIC:ISLIIe.IIICIIt  band width and
N is ttlc  IIumbcr of qumtum  wells. l’llc)toccJtl(iLlcti\’c
f,:lifl  of (IIC dCICC(OI rcachc(i 0.32  at VII = -6 V. Since

tlIc p,aiIl of <)WII’ is invcrsciy  proportion;li  [0 tile
IIUIHbCI’ Of (ill:  mtlllll  WC]]S  N, []lC bCttCI CO1l)]XU’lSO[l

M’cmlci bc [lie wcl] Cai)turc probability pc, wilich is
(iircctly  rciatc~i  to IIIC. p,ain b y  ~ = l/Np,:.  “1’hc.
caicu]atc(i  wcli capture  p[obabiiitie.s  m 20% at low
bias arKi 6% al high him voltasc which  in(iiratc  the
cxcc]lcnt  i~ot-cicctron  transport in this dcvicc
structule.  ‘1’i]c  pclik  dc. tectivity  is  dcfillcci  a s

l);, = 1<[, ~AIl /i,, , where 1<1’ is the peak

rc.sponsi~lity,  A is the arcw of the (ic.tcc[or  an(i A =
3.1 4X 1 ()’1 cm?. ‘1’lK ]ncasllrc(i  I]cak dctc.c(ivity  al bias
VI) = -3 V an[i tc[l~pc.rziture  ‘1’ = 55 K is  1.6x1010
cdl 1 zAV.

‘1’hc photocondmtivc  QWIPS of the 128x 128 11’I’As  were thcrl  fabt-icatcxi  by wet chclnica] ctclling  through
(1K ]~l)ot(lsc.llsi[i\’c  GaAs/AlkGa ~XAs [I!ll]ti quantulll  WCII  ]aycrs illlo  the (].5 }lm thick dopc(i G[LAs c o n t a c t
layc.r. ‘1’ilc. pitcil of the. l(l’A is 50 pm an(i tllc actuai
ilixci  siy,c is 38X38 lUn~. “J’hcn Ihc randorll  rcf]cctors
on the top of the cictcctors were covcrcd  wit]]  ALdGc.
:in(i ALI for CJhn)ic contact ancl reflection. “I’l  Ic. n
irldiulll  bumps w e r e  cvaporatcci  On top of t h e
(ictcctc)I-s  for Si I-cd oLlt circLlit  (R(X) hybridization.
A siIl~ic QW1l’ ITA was chosen (cutoff wavelength
of t}]is  samp]c  is 14.9 pm) aIl(i bontic(i to a 128xl’28
Si lnultiplc,xcr  (Alnbcr  Ali-  159) and biased at Vt, = -
2 . 7  V. ‘i’ilc  I;l’A wm l>ack-illllllli!~iltc(i  tilroug,b t}lc
flat ti]inI]c(i  stlt)stra(c (thicknc,ss 25 j~rn). ‘J’his  irliti:ii
amy p,avc cxcciicnt  imap,  cs with 99.9%  of tllc l)ixcls
\vorkir~g,,  (icIl)ol~s(l;~ti[~p,  tile hip,ll yicid o f  GaAs

tccl)noic)p,y.  l:i~Llrc 5 cllurly  shows tl)c. Cxccllc.nt

uncorrcctcxi pimtocLlrrcnl  uniformity (i>ixci-to-l)ixcl)
of ~ilc 16384 pixcis o f  tile 128x I?8 }d’A willl [i
staIl(i:~rd  (icviatiorl o f  oniy = 2.40%. ‘1’llc urliforInity
aftc]-  corlcction  was ().2.%. As I~)c. ntioncd carlic.I-  this
lli~,}l yicl(i i s  clLIc (o tllc CXCCIICII(  Ci~IAs  p, IowtlI
unifor  Inity  an(i t h e  ]naturc  Cia As proccssin~
tc.ci)llo]op,y.
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Video iIl]a~)cs  were (akcn a~ various l’raIm rates vatyinp, !rOIII 50 to ?()() 1 IY. with f/2..3 KRS-5  opti(’s a~
(c[~l~xclatllrcs  m hi~h as ‘1’ = 45 K, using  :1 I-?CX:  c:ipacitor  Ilaviug N CIMISC cap:lci[y O14X 107 clcc(roms,  I: ISUIC 6
shows an imag,c of a man’s face taken with a ~wll) l;l)A camra. ‘1’hc mcas LII”cd  noise Cqllivalctlt  tcIIIl)craLLII”c
diffcrcncc  N}{A’l’ of lhc };l)A was 30 mK at an opcl”a[in: [CII1l)CI:IILIIC  of’]’ = 45 K for 3(10 K I):lckg,roun(i.  ‘1’his
rcos~~nnbly  ap,re.cs  with our  calcul:itcd  vaiuc of 1() mK. WC h:Ivc LIscd the foliowins  cqu;i(iotl  to calc LIlatc tllc
NliA’1’  of tl]c lil’A.

dAl{N]iA’]’  , .
l)~l(dl)ll  / d“I’)siIl:  (()/ 2) (1)

wllcre  j)~l is the blackbdy  dctcctivi(y,  dl’11 / d~’  is

IIK d e r i v a t i v e  of the  intcgrate(i  biac.klmiy  ~mwcr wi[h
respect to tcnlpcraturc,  and is the ficl(i  of view aIIglc
[i.e., sin2(0/2)  =- (4f7-t 1)-1, wt]c.rc f is the f number of the
optical systcIn].  No b{in(i pass filters were. usc[i ,lIICi  arc
LIIIImccssaIy  in <)W1l’ camera systems bcc:luse  of the
narrow spectral response of QW1 l)s. It shc)LIi(i  ix note(i
timt tlvssc  initial unol)timiz.c(i  l;i’A I“CSLIIIS  are far f r o m
optimLlm.’1  ‘he <)WI1’ cic.vice smLlcturcs  was not ol)(ilnim(i;
(he f,r:itings were also not o~)(in]imd  for ttm I[laxilnunl
light couplinx  cfflcicney; 110 micro lcnscs  were uscxi;  no
antircflcction  coatinss wcm usc(i; tlm substrate was not
tl)inncd  enough  (tllc tlyt)ri(i  was  thi Ilnc(i  t o  ?5 prll,
however ,  i~ was  not sufficient LO iln~)rovc the. li~ht
cou~jlin?,  efficiency to small pixci aII(i  it! fact [his cxpiains
tl)c slip,htly  hi~ilc]  rncnsurcxi  N1lA’I’);  an(i fin:lliy  t h e
Inul(ipicxel  Llsc(i was a pllotovoltaic  lIISb multi  ~)lcxcr
Ivllicll  is cc I-tainiy I)ot  o~)tirnimxi to su})j)iy  tllc i)Io~xr  bias

aII(i impcxianc.  e icvc.ls  required by photoconduetivc  QWllk.  lf]]ltlc[]lcr)t:ltio~]  of these im])rovcmcnts  siloui(i
significantly enhance tlIc QWI1) focal plane array ol)clating  tcn~pcratures  (i.e., 55 K for 15 )1111).

9 [hll CIJrl’olW” 256X256 1 I AN])-] llCI ,1) CAMERA

‘1’llc QW1l’ cicvicc  strLlcturc  consists of 50 J)cI-io(is,  c:Ich pcrio(i cotltailli[lp,  a 511111 Ivc]l of GaAs (dope(i n
4X lo]-” cm-3) aII(i a 60 nm barrier c~fAlo.s(;:\[J.-fAs, s:irl(itl’ichcd  bctwccll  ().5 pm (;:IAs top :II~~i l~otlol~l  collt~lct

i21yCl”S  (iOJ)C(i  11 = 5X10’T C11”I”3 , p,rown PII a scll~i-il~slll:l[irlp,  GaAs  subs[m~c by IImlccuia I lIc:IIn  cl)it:ixy  (M f31~).
‘1’iIcII a ().-/ pIII tl~ick  (;aAs cap layer on top of a 30 nm Al. ~Ga(l -/As stoj)-etch i:~ycr was gIII()\VII i~~ .si[[{ on top
of tllc dcvicc  struc(ure  to fabricate Itlc li~h( coujjlinf,  o~)ticdl  cavi(y. ‘JIIc  Ml]l;  growl) <)WII’  str~lclllrL’  w a s
j) Ioccsscd  into 200 }1111 (iianw.tcr  mesa test structures m dc.sc[il)c(i  carlicl,  ‘i’llcolctical]y ttlis I)c)llll(i-to-(  ]lli{sil)c)llll(i

QWI1’ shoul{i  :ivc  a factor  of 3 lower  dark currcrlt  ttm I)ollr)(i-to-cotl(  itlllll[ll  QWI1) (witil first c.xcitd  state
piacc(i 6 IIICV almvc, tile. bat-rim ttlrcslloi(i) an(i it ciosc.iy :ig,rccs with t\Ic cxl)crilnc[l(:i]  vai Llc. of a f-actor of 4
lli~,llc[-  dark currcIIL at bias VII z -2.V.

‘1’lIc I-csponsivity spcetra  of these (ictcctols  were IIIc.asurc(i  L]sinr,  a i ()()0 K t)lackbociy  S[)LIICC aII(i  a ~Ii\lin~
lll(~ll~)ctllolll:itor,”  ‘1’l~c, absoi Lllc. peak  rcslmilsivities  (I<r)) of tlic dc(cctors  iVCI”C mctisurcxi usins  a u:.11 i~~latcci
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b] KkbOdy  SOIII”CC. ‘1’hc dclcctors  wcm b a c k  illuIllinatcd  lllmu~h  :145° polistlcd  1’:ICC(  {3] dlld a rcsponsivity
sl~cctrLIIIl is sllowII in l(i~. 7. ‘1’lm Icsponsivity  oftllc dc.tcc~or  lw:lks a( 8.5 ~1111 and (Ilc peak rcslmnsivi[y  (l<P) 01
tll~: (ic.tc.ctor  is ?IOO INAN4 at bias VI] =- -3 V. ‘1’lIc  spcctrol wid(ll aIId the CLILOI1 wavclcn~tb  m Al/ A = 10% and
& = 8.9 )111)  rcslmtivcly.  “1’hc rmasurd  absolLItc.  puk lcs]mrlsivily  ol [Ilc dc~cc[or  is sm:lll LI1) [0 aboLIl  VII =

1.
0

0.
8

0.
6

0.
4

0.
?

0,

-0.5 V. IIcyorld [tl:[t  it iIlcm:u+cs  ncar]y linearly with bim
Ic[\chir]~  }<}1  = 380 rli A/W :It VII = -5 V. ‘1’his t ype  of
l)chavior  01 rcsponsivity  vcIsLls  b i a s  i s  [ypic:ll for a
i~[)lrrl(i-to-(]  ll:lsi[~ollll(i  QW1l). ‘1’lIc l)cak  qua[]turn
cfficicrlcy  was 6.9% al bias VII = -1 v (Iowcl’ qllwltlrlll

cfflcicnc.y is duc to the lower well do~)ing  density) for a
45° double pass. ‘1’hc cLlrrcrlt  noise irl was cxlxrirllcntal]y
II Icasurcd and tllc lltlotocc)llctLlcti\~c  gain g w a s
(ic(clrnirmi  :IS (!cscribcd  earlier. ‘1’bc  l~tlotocorl(llrctil~c
O,lil~  O f  (lIc dc[Cctol” lCilcllC(l  0.98  ;lt VI] = .5 V.  ‘1’llCt><
calculalcci \vc.llc:l~>t  LIIcl)rotJ:~t>il iticsllre25Y0:lt  low bias
(i.e., V,~= -1 V);\r]d2cYo at hi~, h bias (i.e., VI] = -5 V)
wllictl  to~,ctllc.r  irldica(c  the cxccl]cnt t lo t - e l ec t ron
tIaIIspoIl  in [ltis  dcvicc  StI-LIC[LIIC..  ‘1’tlc pmk dc(cctivity  is

dcfi Ilcd as 11~,= 1<1, ~A1l  /in, whc.t-c  RIJ is the pmk

rcs~mrlsivity,  A is [lIC aIca of tbc (ictcc  IoI aI~d A =
3.14x I()-<1 CI112. ‘1’tic Incasurccl  peak (Ictcclivity  at bias
Vfl I -3.  ? V an(i tc.rnl)craturc ‘1’ ~ “/0 K is  2.3x1011

4crl] lIz./W. ‘1’IICSC CICLUC(OIS slIow tmck~,roull(i  liIl~itc.(i
Im.[-for[n:ltlcc  (111 ,11’)  :It t~ias  VII D -? v illl(i  LCIllpCI”:lt  LlrC.
“1’=  7?, K for300K  tJ:~ckg[-c)Llr~d\vittl  f/2 optics

‘I’llc Q\Vll’i]ll;lgiI~  g:\ru:~ys\\’crc  Llblicatc(las(lcscril)c(i
earlier. ‘1’hc pitch of the l;l’A  is 38 }Lm; tllc. actual  pixel siz.c is
28 pm x 28 pm. l;i~urc  8 shows a picture of twcIl ty-five
2.56x256 pixel QW1l’ l:I>As on a 3-inc}l  GaAs  wafer-, pmdLIccd
by ttmJct  l’repulsion laboratory. ]ndiull] bum]js were  (be!)
c.vnpora~cd on tk tops of the detectors fol  Si rcadoLrt circuit
(R(X) llyl~li(iiz:ltiorl. A sin~]c QWI1’ l(l’A was chose.n and
tlyl)ridizcd  or rnnlcct (vi:l m iridium t)Llrll]J-tJorl(\irlp,  process) (0
:i tn:l[cllirl~,  256x256 pixel [~MOS mllltiplcxct  (Arlli)cr Al;-
I()()),;ill(lt)ilisc(i  a[ VII= - 1 V.

tlIc systcrll  is limitc.d  b y  :lrmy t]oll-llllifoIIIlity,”  Inultil)lcxcI- f’i{. 8. 7it’c’t/(]jr\c’2.$6.\-?56 <)\\/11’/<Jc[Il/>icIIrc

rc:idout  noise, :lIId  photo CLII-rCII[ (photon flux)  noise. At (Itt(().v(  )t][i.  ?itr.  (;[lA.~)t3({fct:
(CrllpC1’dtllI’CS  :[bOVC  ~? K, kHI1/JOI”d NOi  SC dllC IO t h e  ~)w]}”s

hi:,lm dark current t)ccomcs  tllc lirnit[ition. ‘1’llc I;l’A was back- ii]ulninatcd  tllmu~}l tbc flat [Ilinncd substrate
mcrnt)ranc  (tllickncss  ! 30 11111). “1’hc measured lnc.ar~ hll~,A’l’  of tllc l;l’A wit]l 110 lens was 26 rl~K :\t aII opcratin~
(crnlma[urc  of ‘1’ = ‘/() K ar~d bias VI; = -1 V, for a ~{()() K t)il(l~~l’ollll(i. “1’tlis itliti:il  array :,:IVC cxccllcrl[ iIllagc.s

wittl  99.98%  of (Im pixds workin~  (nurnbcr  of dead pixc]s 10), dcrl~or~stratin~,  (Ilc hi~,i] yield of GnAs  (cchnolo~y.
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A 256x256 QW1l’ l:f’A hyhl-id  Lvm moun(cd  on (o a 450 mW in[c~,ml Stcrlinp, closdcyclc  roolcr  asscn~h]y
:IIICI  ins(:]llcd  il)[o on AInbcr  l< A1)l AN(; ll 1’1 ‘1 call~cr:l-t~(x{y,  (o dcIIIc)Ilstra[c  tI h:l[)(i-l]Cld  1 W]]< U: II) ICIiI (sl]own
ill 1+’ig,.  9). ‘1’tlc c: IINcrd is cquipld  with a 32-tJit  ftoalinpj-lmin[ dij:i[a]  sif~,nal processor comhincd  wi(li Inulti -

taskinpl soi’(wdrc,  ptmvi(iing  [he spccxi  :m(i  power to cxccutc  co]npicx  illlil~,c-~>loccssiIlg  an(i atl:liysis functions
insi(ic  (ilc CaIIICI-a tmiy itself. ‘1’lm other  ciclncn(  oftilc CaInCI-:l  is a iOO nltll  focai lcngtil gclllmniunl  Icns, with
;] 5.5 CiCgI-CC fici(i  of view, 1( is (icsif,nc(i  to bc tra(lsi):tlctlt  ill (tic 8-12 ilIIl lvavcicny,  ti] r:LIIgc,  [0 tm c(~nli)atil>lc
wi(tl tllc  <) Wil”s 8.5 }m opcl-a[ion. ‘1’hc  (ii~itai  acqliisi(ioll  rcsolll(ioIi  of (iIc c:imcra  i s  i2-l>its. 1(s nolnillili
lx)Ivcr  coIlsLilni>tion  is less tilan 50 Wa(ts.

‘1’k rIcwuIeci IIKZIH N1;A’I’ of tiIc QWil’  camera is 40 mK
(tl]c.  lli~,hcr  NllArl’ is CiLIC to Itm ]CIIS msctnbly  cuttins  tim iight
transmission by 35%) at [III operating (cmpcraturc  of ‘i’ = ’10 K
an(i bias VII = -1.5 \~, for a 300 K backgmlln(i.  ‘1’he peak ciuan(urn
efficiency of tllc l:l’A is 3Yo, corI-csponriing 10 an average of 3
passes of] R radiation tllmLi~h the photosensitive IllLl]ti-Cj Ll:lrltLlrll
wet] Icgiol). ‘I’l Ic low (iLIantLIIII  efficiency can t)c partly  attribute(i
to tllc fact that (lIc substrate  re.ficc(s 30% of ttlc iight striking it;
an~i ttlc. fact It)at (IIc.  drIi\y  tlas a 650/0 fill faclo  I, i.e., ttlc. (Ictcctors
cover oniy 65?0  of the array  sLlrfacc,  with ttlc  rc. Inainitlg  35%
b e i n g  (1IC (ica(i siIacc txtwcc.n  cictcctors.  ‘J’llc uncomctcci
l)i~otocllrlcrlt  [loll-Llllifc)rll]itj~  (whic}l  inclu(ies  n 1 %  non-
Llniformity  of (lIC R(X:  ;m(i  a 1 .4Y(>rrlo11-LllliforIl]ity  (iuc 10 ltlc
Co](i-stol) iIl fl”oIlt  of ttlc  }1’A Ilot yic](iirl~  ttlc  SaIIIC fic](i  of view

[o aii ttlc ~Jixcls) of the 65,536  pixc]s of the. ‘256x256 l:l’A is ahollt 6.8% (= si$. rna/rllcan).  ‘I’l Ic. n[~ll-ll[lil-orIllity
:lftcr twc)-jmint  ( 1 ‘/0 an(i 27° (k; isiLls)  corIcction  iInpIovcs  to an iIlliJIcssitc  ().()5%. As mcntioncxi car]lcr,  this
]]i~,il yicici  is dLIC t(> ttlc cxcc.]]en(  (iaAs grow(t)  L)niforlllity  an(i ttle In:itu]c  C;:IAS proccssins  tcc]lno]o~y.

Vi(lco  inlages  were  taken  at a fraIne. ra[c, of 601 lz, al tcmimrat Ltrcs as high as “1’ =- 70 K, using  a ROC;
calmilor  llavi Ilg a c]largc capacity of 9x10G  eimlmns  (ttlc IIlaxiIIILllIl  IILIIl)t)cr of ptlotoclectrons  aIIci (iark cicctroIls
[Ilat CaII bc countcci in tllc  time taken to mad each (ietcclor  pixel). l:igLIIc  10 (a) shows onc frame of

a b.

a video



,*,,

.

l{xccptionally  rd~)id  progycss 11:1s lXZII  lll:ldC ill ttlC dcvclolltllcn(  of 1o11:, k\’ilVCICll~,ttl QWI1’s,  s ince they
wctc first cxpcrirmntal]y  clctllonstratcd several years il~O. 1[ is l)ow possit~lc  for c)W1l’s tO acliicvc  cxccllcn[
lmrforlllallcc  (c.:., dc(cc[ivities  as high as I)* - Ix IO]l cIndIlz/Wti [’/OK f(Jt:19~l[]lQ  \?/ll’); ]I](l[)ci’ill]Iic: i[c(i
into large incxpcnsivc  low-noise imaging arrays. A 7 0  K  Ol)C1il(i[]g  tC1l)I~Cr:l(ll[e  caI~ bcCilsilj~  actlicvcd  t)y
sill~lc-stage Stirling,  cycle  coolers, which allows us (o dc[]lonstta~c  (I]c first  han(l-held 256x256 I:I>A l,W1l<
CiiIllC1a  [)ascd on QWII)S. Wc.ighing  about tc.Ii pout}ds, ttlc. <)WII’ RAl)l AN(;li 1 c.ar]~cr~l i s  cn~irc]y  sclf-
coutaind,  wilt]  no extra boxes for control, coolin~,  or ilnagc pmccssing. 1(s slwp, inexpensive, l:lr~,c, Llniform,
in fraled  cyc  (which can be tailored to scc a lm[ticLllal  11< wavclcr]~,t]l)  Inakes  tk QWII) hand-lmld  cwncra (tic
best and tlm most cost-cffcctivc ncw tool for ima~,ing and slmctroscopy  in the interesting 8-14 ~u)l wi~vclcngth
1 :Illg,c.

‘1’tlc research dcscribcd in this paper was Iwrforjncd  t)y tllc (’cII[cf for S[)acc h4icrcJcjcct[OI-lies’1  Lct]no]ogy,
.lC( i’ro~~ulsion  I ,i\l)C)Iil(C)Iy,  California lIIStitLltC  Of ‘1’C.Cl)l]OIO:,y,  :\I]d  \VaS jointly S1)OIISOIC[l t)y tl]C Ilh41)()/1Sc%’1’
office, :IT~d the NASA Office  of Space Access an(i “1’cchnoios,y.
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